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Abstract. Resistance to chemotherapy is a major clinical issue 
for patients with colorectal cancer. Obesity has been associ- 
ated with a poorer outcome and is a possible mechanism of 
resistance. The aim of the present study was to investigate 
the effect of obesity-related factors on the cell response to 
standard chemotherapy in stromal and colorectal cancer cells. 
Viability was measured following the treatment of colorectal 
cancer cell lines (WiDr and SW620) and stromal cells (human 
microvascular endothelial cells) in vitro with 5-fluorouracil, 
irinotecan and oxaliplatin under obesity-related conditions 
[elevated levels of insulin, insulin-like growth factor-1 (IGF-1) 
and glucose] and compared with non-elevated conditions. 
Obesity-related conditions alone increased cell viability and 
in selected cases, accumulation of the transcription factor, 
hypoxia-inducible factor-1. However, these conditions did not 
consistently increase resistance to the chemotherapy agents 
tested. The combination of IGF-1 and extremely low-dose 
chemotherapy significantly induced cell viability in WiDr 
colorectal cancer cells. These in vitro results may have clinical 
importance in an environment of increasing rates of obesity 
and colorectal cancer, and the frequent under-dosing of obese 
cancer patients. 

Introduction 

Resistance to chemotherapeutic agents, either de novo or 
developing during a course of treatment, is a major clinical 
issue for patients with colorectal cancer (1-3). Current response 
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rates to combination chemotherapy are ~50%, and as resistance 
develops in almost all patients, understanding the mechanisms 
behind this is vital. Despite previous intense investigations, 
these mechanisms are not completely understood. 

For disease stages II and above, chemotherapy is 
routine, consisting of intravenous 5-fluorouracil (5-FU; 
or oral capecitabine) with or without oxaliplatin and/ 
or irinotecan (4). 5-FU is an analogue of uracil, which is 
metabolised intracellularly to toxic compounds, causing 
DNA damage and the blocking of DNA replication and 
translation (5). Oxaliplatin is a platinum-based drug, which 
forms platinum-DNA adducts in cells, causing G 2 arrest, 
inhibiting growth and leading to apoptosis (6). Irinotecan, 
once converted to the active metabolite SN-38, binds to and 
inhibits topoisomerase I at the initial stages of DNA replica- 
tion, which leads to cell cycle arrest and DNA damage with 
subsequent apoptosis (7). 

Obesity is an established risk factor for colorectal cancer 
incidence and mortality (8-10), but the impact on survival and 
treatment response remains controversial (11-14). In breast 
cancer patients, the response rate to neoadjuvant chemotherapy 
(predominantly anthracycline-based regimes) has been lower 
in overweight and obese patients compared with normal and 
underweight patients (15). Obesity is associated with insulin 
resistance, which alters the levels of plasma glucose, insulin 
and insulin-like growth factor-1 (IGF-1) (16-18). 

Insulin is a potent mitogen and stimulates DNA 
synthesis (19). Experimental models have shown that pretreat- 
ment with insulin increases the effect of subsequent 5-FU 
treatment in the human colon cancer cell line, Ls-174-t (5). 
Insulin also increases 5-FU uptake and 5-FU-mediated apop- 
tosis. By contrast, insulin has been found to decrease the toxic 
effects of 5-FU in HT29 colorectal cancer cells (20). 

IGF-1 functions as an anti-apoptotic growth factor (21). 
Breast cancer cells with abnormalities in the IGF-pathway 
showed IGF-l-mediated suppression of apoptosis and subse- 
quently, were more resistant to doxorubicin and paclitaxel (22). 
Similarly, IGF-1 increased resistance to 5-FU in the SW480 
colon cancer cell line, which was reversible by IGF-1 receptor 
(IGF-1R) inhibition (23). In addition, HT29 colorectal cancer 
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cells, selected for resistance to 5-FU and oxaliplatin, showed 
increased expression and activation of IGF-1R (3). 

Hypoxic conditions promote the development of treat- 
ment resistance, partly through hypoxia-inducible factor-1 
(HIF-l)-mediated pathways (24). HIF-1 is the master regulator 
of molecular responses to hypoxia, controlling >100 genes 
involved in tumour aggression (25). Previous studies have 
shown that HIF-la expression, stability and activity may be 
modulated by metabolic disturbances, including a number 
of cytokines and growth factors and specifically, insulin and 
IGF-1 (26,27). 

Conflicting results with regard to the impact of 
obesity-related factors on chemoresponse have been published 
previously (5,20,23), as aforementioned. The aim of the current 
study was to investigate the effect of increased levels of 
insulin and IGF-1 and altered levels of glucose, on the cellular 
response to standard chemotherapy in vitro. The response 
of two colorectal cancer cells, one derived from a primary 
adenocarcinoma (WiDr), the other from a metastatic site of an 
adenocarcinoma (SW620), was compared with a stromal cell 
type [human microvascular endothelial cells (HMEC)-l)]. The 
duration of stimulation (pretreatment time) was also investi- 
gated to distinguish between acute and chronic disturbance in 
the insulin/IGF-1 axis. 

Materials and methods 

Cell culture. Human colon cancer cells (primary adeno- 
carcinoma, WiDr and metastatic adenocarcinoma, SW620; 
American Type Culture Collection, Manassas, VA, USA) and 
HMEC-1 cells (Centers for Disease Control and Prevention, 
Atlanta, GA, USA) were used (28). Cancer cell genotypes 
are listed in Table I and HMEC-1 cells were assumed to be 
wild-type (no contrasting evidence was reported). Cells were 
cultivated in high (25 mM) or normal (5.6 mM) glucose 
Dulbecco's modified Eagle's medium (DMEM; Gibco, 
Carlsbad, CA, USA) with 10% cosmic calf serum (CCS; 
Thermo Scientific HyClone, Logan, UT, USA) in standard 
conditions (humidified at 37°C in 5% C0 2 ), unless speci- 
fied otherwise. Glucose concentrations in cell culture were 
monitored over time (Optium Xceed; Abbott Diabetes Care, 
Doncaster, Australia), demonstrating that glucose concentra- 
tions reduced by ~18% over 24 h in a confluent cell culture. 

Cell viability assay. Cells were cultivated in DMEM with 
10% CCS with high (25 mM) or normal (5.6 mM) glucose 
concentrations and incubated for 24 h. Plain media, IGF-1 
(13 nM; Sigma-Aldrich, St. Louis, MO, USA) or insulin 
(10 nM; Invitrogen Life Technologies, Carlsbad, CA, USA) 
were added to the cells 24, 4 or 0 h prior to the addition of 
5-FU (0.2-200 fiM), oxaliplatin (0.001-100 fiM) or irinotecan 
(0.001-100 fiM). Each treatment was tested in four wells per 
experiment, with three independent experiments, and the cells 
were treated for 72 h. Cell viability was estimated by standard 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay (29), calculated as a percentage of the controls 
(0 j,iM of chemotherapy drug) and adjusted for background 
absorbance. The concentration of drug able to reduce viability 
to 50% (IC 50 ) was calculated from equations obtained by model 
fitting. Although it is accepted that MTT, an indicator of meta- 



bolically active mitochondria, potentially overestimates the 
number of viable cells compared with several other viability 
methods (30), it remains widely used in drug discovery and 
allows for comparisons with previously published data. 

Western blot analysis. Media was replaced with serum-reduced 
DMEM (0.1% CCS) 24 h prior to and throughout the experi- 
ment. The cells were treated for 4 h with IGF-1 (13 nM), insulin 
(10 nM), CoCl 2 (100 positive control) (31) or plain media 
(negative control). Nuclear protein fractions were extracted 
and analysed by western blot analysis following standard 
protocols (31). A total of 40 pig protein extract was loaded per 
well for the total and nuclear fractions. Anti-HIF-la (1:250; 
clone 54/HIF-la; BD Biosciences, San Jose, CA, USA) and 
anti-(3-actin (1:2,000; clone AC-15; Sigma-Aldrich) were 
simultaneously used as primary antibodies to detect HIF-la 
and to verify equal loading of protein. Horseradish peroxi- 
dase (HRP)-conjugated polyclonal goat anti-mouse antibody 
(1:1,000; DakoCytomation, Glostrup, Denmark) was used 
as a secondary antibody. For IGF-1R protein detection, total 
protein extracts were analysed, using anti-human IGF-1R 
(1:100; C-20; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, 
USA) as the primary antibody and HRP-conjugated polyclonal 
goat anti-rabbit antibody (1:1,000; DakoCytomation) as the 
secondary antibody. 

HIF-la cell-based enzyme-linked immunosorbent assay. Cells 
were plated into 96 -well plates provided in the human/mouse 
total HIF-la immunoassay kit (R&D Systems, Minneapolis, 
MN, USA) at recommended concentrations (10 4 /well) and 
cultivated under standard conditions. The media was replaced 
with serum-reduced DMEM (0.1% CCS) 24 h prior to and 
throughout the experiments. The cells were treated with CoCl 2 
(100 ^M positive control), plain media (negative control), 
IGF-1 (13 nM) and insulin (10 nM) for 4 h. The cells were 
then fixed with 4% formaldehyde and analysed immediately 
by immunoassay according to the manufacturer's instructions. 

Data analysis. SPSS 16.0 (SPSS, Inc., Chicago, IL, USA) and 
Microsoft Excel 2007 (Microsoft Corporation, Redmond, 
WA, USA) software were used for the statistical analysis and 
graphical presentation of the results. 

For the MTT assay results, several linear regression models 
using In transformation of drug concentration (piM) or cell 
viability (percent) or the two variables together were tested. 
The model was considered to be a good fit if the R 2 value 
was >0.8. Different models were allowed to be used for the 
various cell lines and chemotherapy drugs. However, within 
these, the same model was used across the various growth 
factors, pretreatments and media conditions. Selected models 
were used to calculate the IC 50 and ultra-low dose (ULD) 
values and for multiple regression analysis. 

The following linear regression models were selected to 
fit the viability data according to the R 2 values: In transforma- 
tion of drug concentration for WiDr treated with 5-FU and 
oxaliplatin, for all treatments of SW620 and for HMEC-1 
treated with 5-FU; and In transformation of cell viability for 
WiDr treated with irinotecan and for HMEC-1 treated with 
oxaliplatin and irinotecan. IC 50 values were calculated from 
the equations obtained by model fitting. These values were 
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Table I. Cellular characteristics and viability of cancer and stromal cells grown in high or normal glucose media, following 5-day 
treatment with insulin or IGF-1 compared with controls with no pretreatment (equivalent to 100%). 





High glucose (25 mM) 


Normal glucose (5 .6 mM) 


Mutated oncogenes" 


Insulin (10 nM) 


IGF-1 (13 nM) 


Insulin (10 nM) 


IGF-1 (13 nM) 


WiDr b TP53, PIK3CA and BRAF 
SW620 C TP53 and KRAS 
HMEC-l d 


142±11 

124±4 

113±3 


155±12 

136+7 

136+8 


114±21 
113+10 
116+1 


115+10 

137±1 

125±4 


"(53,54); b primary and 'metastatic colorectal adenocarcinomas; d dermal microvascular endothelial cells. n=9; data are presented as the 
mean ± SD, according to viability assay. IGF-1 , insulin-like growth factor- 1; HMEC-1 , human microvascular endothelial cells. 



SW620 
Glucose: normal high 



IGF-1 R i=> 



WiDr 
normal high 



B 



SW620 




HIF-1o ■=> 
p-actin <=> 



WiDr HIF-lu 
p-actin 

HMEC-1 HIF-1a 
P-actin 




c 


350 




300 


1 


2 SO 


LL 




X 


200 


CD 




> 




TO 


ISO 


CD 




K 


100 




so 

0 



1 □ SW620 
□ WiDr 
■ HMEC-1 




Figure 1. (A) Protein levels of IGF-1R in WiDr and SW620 cells, as detected 
by western blot analysis. (B) Western blot analysis of HIF-la protein levels 
in nuclear fractions of colon cancer cell lines (WiDr and SW620) and 
human microvascular endothelial cells (HMEC-1) in response to IGF-1 
(13 nM), insulin (10 nM) or CoCl 2 (100 /fM). Protein loading, 40 /<g/well; 
HIF-la band detected at ~120 kDa. Lane 1, untreated (negative control); 
2, IGF-1; 3, insulin; and 4, CoCl, (positive control). (C) Cell-based ELISA 
of HIF-la protein levels in total protein fraction in response to IGF-1 and 
insulin. Column 1, untreated (negative control); 2, IGF-1; 3, insulin; and 4, 
CoCl, (positive control). HIF-la levels were standardized to untreated cells 
(100%). *P=0.031. IGF-1R, insulin-like growth factor-1 receptor; HIF-la, 
hypoxia-inducible factor-la; ELISA, enzyme-linked immunosorbent assay; 
HMEC-1, human microvascular endothelial cells. 



used to compare the effect of growth factors on the cellular 
response to chemotherapy. Independent sample t-tests were 
used to compare IC 50 , ULD and HIF-la protein levels between 
the various treatments. In the multivariable regression analysis 
the effect of growth factors on the response to chemotherapy 
drugs was estimated by B coefficients (regression 'slopes'). 

Results 

Effect of growth factors and glucose concentrations on cell 
viability. Glucose concentrations were specifically selected 
to be clinically relevant and are those used widely in cancer 
cell culture studies. The lower glucose concentration (5.6 mM) 
approximates the lower threshold for normal fasting glucose 
and the high glucose concentration (25 mM) falls in the hyper- 
glycemic range associated with diabetes (32). Specifically, 
high glucose concentrations are standard in cancer cell culture 
studies (33). Growth factor concentrations were selected from 
previously published patient data; 10 nM insulin (plasma, 
2 nM) (34) and 13 nM IGF-1 (plasma, 109 ng/ml) (35). 

IGF-1 and insulin increased the proportion of cells with 
metabolically active mitochondria (cell viability) of stromal 
and cancer cells by between 13 and 55% (HMEC-1 in high 
glucose with insulin and WiDr in high glucose with IGF-1, 
respectively). IGF-1 generally increased viability more than 
insulin (with the exception of WiDr under normal glucose 
conditions), and an increased viability was more apparent 
in high glucose than in normal glucose conditions (with 
the exception of SW620 with IGF-1 and HMEC-1 with 
insulin) (Table I). 

Western blot analysis confirmed that the two cancer cell 
lines expressed IGF-1R (36), with levels not notably affected by 
glucose concentration (Fig. 1A). IGF-1R levels appeared higher 
in WiDr compared with SW620, as reported previously (36). 

Effect of IGF-1, insulin and glucose concentrations on 
cellular response to chemotherapy. The concentrations of 
chemotherapy agents used in the current study were within the 
clinically relevant ranges: 5-FU, 0.2-200 pM (maximum plasma 
concentration, 426 ^M); oxaliplatin, 0.001-100 ^M (maximum 
plasma concentration, 3.3 mM); and irinotecan, 0.001-100 pM 
(maximum plasma concentration, 10 mM) (37-42). 

The mean IC 50 and results of the t-tests for each condition 
in all cell lines are presented in Table II. For the majority 
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of cell lines, no significant difference was identified in the 
concentrations of drugs required to reduce IC 50 between the 
growth factor-treated and control cells. The duration of incu- 
bation with growth factors did not consistently modify the 
drug response, nor did the glucose concentration. Only one 
set of data demonstrated significant differences; IGF-l-treated 
SW620 cells in high glucose were more resistant to irinotecan 
treatment compared with the controls (P=0.009). Treatment 
with irinotecan in the presence of insulin under the same 
conditions showed a similar trend, although a significant 
difference was not observed (P=0.096). 

To compare entire response curves, as opposed to single 
data points (IC 50 ), a multivariable regression model was 
developed (Table III). As predicted, chemotherapy drug concen- 
tration exhibited a significant effect on cell viability in all cases 
(P<0.001). In the majority of cases, the presence or the duration 
of pretreatment with growth factors, or the glucose concentration 
of the media did not significantly change the chemoresponse. 

Of the results that showed statistically significant changes, 
the addition of IGF-1 to tumour cell lines increased the 
resistance to chemotherapy: WiDr 5-FU in normal glucose at 
24 h (P<0.001) and 4 h (P<0.001); WiDr oxaliplatin in normal 
glucose at 24 h (P<0.001) and 4 h (P<0.001); SW620 5-FU in 
normal glucose at 0 h (P=0.007); and SW620 irinotecan in 
high glucose at 4 h (P=0.015). 

The addition of insulin to WiDr significantly increased 
sensitivity to chemotherapy: 5-FU in high glucose at 24 h 
(P<0.001) and in normal glucose at 0 h (P=0.006); and 
oxaliplatin in high glucose at 24 h (P=0.021) and in normal 
glucose at 0 h (P=0.015). In addition, insulin induced vari- 
able effects in the SW620 cells, such as increased sensitivity; 
5-FU in high glucose at 24 h (P=0.004) and 4 h (P=0.042), 
and increased resistance; oxaliplatin in high glucose at 0 h 
(P=0.034) and irinotecan in high glucose at 4 h (P=0.011) 
and 0 h (P=0.016). 

The impact of growth factors in the HMEC-1 endothe- 
lial cell line on the chemoresponse was variable; IGF-1 in 
high glucose marginally increased resistance (oxaliplatin at 
24 h, P=0.043), but also sensitivity (5-FU at 4 h, P=0.008; 
oxaliplatin at 0 h, P=0.011; and irinotecan at 0 h, P=0.008). 
In normal glucose IGF-1 increased 5-FU sensitivity (0 h, 
P=0.021), but marginally decreased sensitivity to oxaliplatin 
(24 h, P=0.038). Insulin increased sensitivity (5-FU in high 
glucose at 24 h, P=0.01; and in normal glucose at 4 h, 
P=0.016), but also resistance slightly (oxaliplatin in normal 
glucose at 0 h, P=0.032). 

Effect of ULDs of chemotherapy on cell viability. WiDr 
cells showed significantly increased viability when treated 
with ULDs (defined as 1/1,000 of IC 50 ) of chemotherapy in 
normal glucose conditions with IGF-1, ranging between 182% 
(oxaliplatin at 4 h, P=0.003) and 240% (5-FU at 4 h, P=0.018), 
compared with WiDr in normal glucose without growth factors 
or chemotherapy (viability, 100%) (Table IV). Similar trends 
were observed at 24 h; WiDr viability in normal glucose with 
IGF-1 increased to 195% with ULDs of oxaliplatin (P=0.082) 
and to 283% with ULDs of 5-FU (P=0.088). The viability of 
cells at ULDs was calculated from the equations obtained by 
model fitting, and the values were used to compare the effect 
of growth factors on the cellular response to chemotherapy. 



No significant differences were identified in ULD response 
between growth factor-treated and control cells under high 
glucose conditions or insulin, and this effect was not observed 
in the SW620 or HMEC-1 cells. 

Effect of IGF-1 and insulin on HIF-la protein levels. Western 
blot analysis of the nuclear protein fractions of SW620, WiDr 
and HMEC-1 showed extremely low or undetectable basal 
levels of HIF-la protein (Fig. IB). As predicted, a marked 
increase in HIF-la protein was observed in all cell lines in 
response to CoCL, an agent used as a positive control as it 
interferes with HIF-1 degradation (31). An increase in HIF-la 
protein levels in response to IGF-1 and insulin treatment was 
observed in the SW620 cells, with a weaker increase due to 
IGF-1 and no increase due to insulin in the WiDr cells. No 
visible changes from the basal HIF-la protein levels in 
response to IGF-1 or insulin were observed in HMEC-1. 

The effect of IGF-1 and insulin on total HIF-la protein 
levels was further quantified using a cell-based immunoassay, 
with basal levels defined as 100% (Fig. 1C). An increase 
in HIF-la protein levels was observed in all 3 cell lines in 
response to CoCl 2 [SW620, 233% (P=0.031); WiDr, 126%; 
and HMEC-1, 136%]. HIF-la protein levels appeared to be 
increased in response to IGF-1 in SW620 (132%; P=0.057) and 
to insulin and IGF-1 in WiDr (insulin, 119%; and IGF-1, 119%) 
and HMEC-1 (insulin, 121%; and IGF-1, 121%) cell lines, but 
the increases were not statistically significant. 

Discussion 

The present study demonstrated that the obesity-related 
conditions of elevated glucose, insulin and IGF-1 levels 
may increase cell viability and in selected cases, resistance 
to chemotherapy and accumulation of the global transcrip- 
tion factor, HIF-1. The effect became clearer when the total 
survival pattern of the cells was analysed in a multivariable 
regression model, instead of analysing single points (IC 50 ). 
Notably, however, a specific induction of cell viability 
by the combination of obesity-related factors and ULD 
chemotherapy (0.2 piM 5-FU and 0.04 pM oxaliplatin) was 
identified. This observation deserves further investigation, 
since the plasma levels of 5-FU in patients with colorectal 
cancer stay at 0.01-1 pM for several days following bolus 
administration (37). Similarly, platinum concentrations stay 
at >3 pM (1/1,000 of its maximum plasma concentration) 
for over 500 h following oxaliplatin infusion (38). In addi- 
tion, extremely low doses of chemotherapy are more likely 
to circulate in obese cancer patients where under-dosing or 
capped dosing is common (43). The under-dosing of obese 
colorectal cancer patients has been shown to result in reduced 
progression-free and overall survival rates (44). 

In WiDr, a significant effect of growth factors was observed 
more often in normal glucose conditions. By contrast, signifi- 
cant effects in SW620 were mainly observed in high glucose 
conditions, whereas in HMEC-1, the results did not differ 
according to glucose concentration. These results indicate that 
different types of colorectal cancer and stromal cells may vary 
in their dependence on glucose levels and the insulin/IGF axis, 
particularly when treated with chemotherapy. This may be 
associated with the particular metabolic pathways each cancer 
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depends on and may be elucidated further using genetic and 
proteomic studies. 

The results of the multivariable regression analysis from the 
current study are consistent with certain previously published 
studies, which have shown a chemosensitivity-promoting 
effect of insulin (5,45,46) and IGF-1 (47,48), although the 
effects varied with the cell line. Insulin is likely to act via 
growth promotion (49) and IGF-1 through the inhibition of 
apoptosis (50), via the phosphatidylinositol 3-kinase/Akt 
and mitogen-activated protein kinase/p38 signalling path- 
ways (51). 

Hypoxia has been shown to increase drug resistance (24), 
but the results of the present study show that HIF-1 is 
unlikely to be the main mechanism underlying IGF-1- and 
insulin-mediated drug response, as increases in HIF-1 levels 
were not associated with changes in the chemoresponse. 
However, the present results confirmed those of previous 
studies, which demonstrated that insulin, IGF-1 and high 
glucose levels regulate HIF-la (27,52). 

The present study showed only a marginal impact of 
the prevailing glucose and insulin/IGF-1 environment on 
the chemotherapy response in colorectal cells in vitro, at 
clinically relevant 5-FU, oxaliplatin and irinotecan concen- 
trations. However, there was evidence of a proliferative 
effect on WiDr cells at extremely low concentrations of 
5-FU and oxaliplatin, alone or with IGF-1, as may occur in 
obesity. These in vitro results may have clinical implications 
in Western societies with increasing rates of obesity and 
colorectal cancer and the frequent under-dosing of obese 
cancer patients. 
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